In this work, photomechanical molecular crystals of 4-(4-(6-Hydroxyhexyloxy) phenylazo) pyridine (6cazpy) and its zinc(II) organic complex (complex-I) were synthesized and crystallized. DSC and TGA were used to characterize and compare properties of 6cazpy and its complex-I crystals. Photoinduced motions of 6cazpy crystals and its complex-I crystals were investigated and compared by UV/Vis irradiation. Bending away motions from the light source were observed from both 6cazpy crystals and its complex-I crystals. The bending away motion was attributed to the trans-to-cis photoisomerization of azopyridine derivatives in the crystalline phase. It is worth noting that the photomechanical properties of complex-I were enhanced by the formation of the ligand, which might be caused by the looser packing of molecules inside complex-I crystal. In addition, because of the existence of ligand, which combined two photoactive groups in each complex-I molecule, the isomerization reactions of these two photoactive groups in the molecules can increase the photomechanical movement ability of the crystal. It was also found that the crystal size and shape will affect the photoinduced movement of the crystals. PXRD and AFM were used to investigate the molecular mechanism and the surface topological change upon photoisomerization. The corresponding mechanism was proposed.
Introduction
Molecular actuators based on organic materials that change shape and/or size in response to external stimuli such as light [1] [2] [3] [4] , heat [5] , pH value [6] , electricity [7] or moisture [8] have shown their broad application prospects in medical devices, memory devices, artificial muscles and some other fields [9, 10] . Among all the external stimuli, light which can be remotely, instantly and precisely controlled is an attractive source to adjust material properties. Therefore, many photomechanical materials such as azobenzene [11] [12] [13] [14] [15] , salicylideneaniline [16] , diarylethenes [17] [18] [19] , anthracene [20, 21] , naphthalene diimides [22] , furylfulgide [23] and even metal organic complex crystals [24, 25] have been investigated for the realization of converting light energy to mechanical motion of bending [11, 12] , twisting [20, 26, 27] , coiling [28, 29] , expanding [30] , jumping [10] and popping [24] .
Azobenzene compounds are typical chromophores that can undergo reversible trans to cis photoisomerization, resulting in rapid molecular geometry and size change. Azobenzene compounds have been widely investigated in the photoinduced motion filed. For example, Koshima et al. found that plate-like microcrystals of trans-4-aminoazobenzene quickly bent away from the light source and returned to their initial linear shape when irradiation was terminated [12] . Taniguchi et al. reported photomechanical bending processes accompanied with a twisting motion of chiral crystals of (S)and(R)-N-[[4-p-dimethylaminophenylazo]benzoyl]-1-phenyl-thylamine [31] .
In addition, scientists have made great efforts in the design and preparation of metal-organic compounds linked to light-controlling azobenzene molecules in recent years. They hope to produce fully functional photo-induced mechanical motions. Freixa et al. successfully synthesized the azobenzene-Pt complex in 2010 and found that the addition of Pt did not affect the photoisomerization and thermal stability of azobenzene and it was crucial for the potential application of catalysis [32] .
Azopyridine derivatives show similar molecular structures with azobenzene compounds except that the carbon atom at the para-position in one benzene ring is replaced by a nitrogen atom. This small change in composition seldom affects the topological space, leading to similar photoisomerization of azopyridine derivatives in comparison to azobenzene compounds [33] . In addition, the introduction of the nitrogen atom enriches the properties of azopyridine derivatives with the possibility to self-assemble with halogen [34] , inorganic acid [35] , organic acid [36] and metal [37] . So far, investigations on azopyridine derivatives were mainly focused on the synthesis of polymer fibers [38] , liquid-crystalline elastomers [36] , photoresponsive liquid crystals [34] and luminescent complexes [37] .
Compared with photoresponsive polymers, photomechanical molecular crystals show many advantages, such as faster response time [39] , higher Young's modulus [40] and an ordered crystal structure [41] . However, little research about the photomechanical motion of molecular crystal of azopyridine and its application in photomechanical motion has been reported.
Zinc acetylacetonate is a heat stabilizer for halogenated polymers such as rigid PVC and has a significant synergistic effect with stearoyl benzoylmethane and dibenzoylmethane (β-diketone) [42] . It can be used as a catalyst, resin crosslinking agent, resin hardening accelerator, resin and rubber additive, superconductive film, heat-reflecting glass film and the like [43] [44] [45] . In this work, considering the symmetrical structure, coordination ability and abundant applications of zinc acetylacetonate, a novel metal-organic complex crystal was synthesized from zinc acetylacetonate ligand and azopyridine derivative. Plate-like crystals of 4-(4-(6-Hydroxyhexyloxy) phenylazo) pyridine (6cazpy) (for molecular structure, see Scheme 1) were firstly synthesized and crystallized by the slow evaporation method. To combine the self-assembly properties of 6cazpy and zinc acetylacetonate, needle-like crystals of Zn(acetylacetonate)2(6cazpy)2 (complex-I) were also synthesized and crystallized. The obtained crystals were characterized using DSC and TGA. The UV/Vis spectra of 6cazpy and complex-I in toluene solution at four irradiation conditions were also measured to explore the kinetics of photoisomerization of azopyridne molecules. Photomechanical motions of 6cazpy and its complex molecule crystals with different sizes were investigated and analyzed. Finally, PXRD and AFM data were used to investigate the molecular mechanism and surface topology change during photoisomerization. Scheme 1. Molecular structure and photoisomerization process of (a) 6cazpy and (b) complex-I.
Experimental Section

Materials
4-aminopyridine, 6-chlorohexanol (C6H13OCl), hydrochloric acid (HCl), sodium nitrite (NaNO2), phenol, potassium carbonate (K2CO3), potassium iodide (KI), zinc acetylacetonate monohydrate (Zn(acac)2·H2O), dimethylsulfoxide (DMSO), methanol and toluene were purchased from Tianjin Yixiang Chemical Co., Ltd and used as-received.
Synthesis of 6cazpy
6cazpy was synthesized as reported previously. 34 The structural characterization results are as follows: 1 
Preparation of 6cazpy and Complex-I Crystals
Yellow plate-like crystals of 6cazpy were obtained by slow evaporation of solutions of compounds in methanol. 6cazpy (0.287 g, 0.96 mmol) was added into a 50 mL crystallizer with 30 mL methanol. The solution was heated to 323 K by a thermostat (Julabo, Seelbach, Germany) and agitated by a magnetic stirrer (JHS-2190, Hangzhou, China) at 400 rpm for about 30 min. Then, the solution was filtered immediately. The obtained clear solution was transferred into a beaker sealed with parafilm. Then, the solution was slowly evaporated at room temperature. Five days later, plate-like crystals of 6cazpy were obtained at the bottom of the beaker. Complex-I crystals were synthesized and crystallized by the slow evaporation method. 6cazpy (0.275 g, 0.92 mmol) and Zn(acac)2·H2O (0.138 g,0.49 mmol) were added into a 50 mL crystallizer with 30 mL toluene. The solution was heated to 323 K by a thermostat (Julabo, Seelbach, Germany) and agitated by a magnetic stirrer at 400 rpm for about 2 h for complete reaction. Then, the mixture was cooled to 283 K and the agitation was stopped. The mixture was filtered immediately. The obtained clear solution was transferred into a beaker sealed with parafilm with a few holes. Then, the beaker with solution was put into a dryer (with constant temperature of 283 K). Two weeks later, orange-red needle-like crystals of complex-I crystals were obtained at the bottom of the beaker. The structural characterization results are as follows: 1 Figure S4 ). The elemental analysis (%): calculated for C44H56N6O8Zn: C 61.23, H 6.49, N 9.74; found: C 61.18, H 6.22, N 9.57.
Characterization
1 H NMR spectra were recorded in chloroform-d (CDCl3) solution on a Bruker 500 MHz spectrometer (Varian Medical Systems, California, USA) to confirm the molecular structure of the synthesized 6cazpy and complex-I. Elemental analyses were performed on a vario EL CUBE element analyzer (elementar, Heraeus, Germany). FTIR spectra were recorded on an ALPHA II FTIR Spectrometer (Bruker, Karlsruhe, Germany). The thermal properties were determined by differential scanning calorimetry (DSC) (NETZSCH, Serb, Germany) and a thermal gravimetric analyzer (TGA) (Mettler Toledo, Co., Zurich, Switzerland). During measurements, the heating rates were set at 5 K/min and 10 K/min, respectively. UV-Vis absorption spectra of solutions were measured by UV-3010 spectrophotometer (HITACHI, Tokyo, Japan) with a 2 cm path length cell. Photomechanical motions upon UV-light irradiation were investigated with a high-speed digital microscope (Stereomicroscope"Stemi"508 Carl Zeiss, Jena, Germany). Irradiation was performed by using an UV-LED lamp (HTLD-4,365 nm, Shenzhen, China). Powder X-ray diffraction (PXRD) was performed using Rigaku D/MAX 2500 (Rigaku Corporation, Tokyo, Japan) with a scintillation counter. Atomic force microscopy (AFM) of samples was measured by a scanning probe microscope in tapping mode (Nanoscope V, Bruker, Karlsruhe, Germany).
Results and Discussion
Crystal Morphology and Thermal Stability
As shown in Figure 1 , the prepared 6cazpy crystals exhibit bright yellow color and plate-like shape, while the complex-I crystals exhibit red color and needle-like shape. DSC and TGA data of these two kinds of crystals are shown in Figure 2 . It can be seen that 6cazpy crystals started to melt at 391.5 K and decomposed at 538.3 K (Figure 2a,b) . As for complex-I crystals, the melting and decomposition points are 368.2 K and 428.0 K (Figure 2c,d) , respectively, both of which are lower than those of 6cazpy crystals. It suggests that both of the intermolecular interaction and intramolecular interaction in 6cazpy crystals are stronger than that in complex-I crystals. 
UV/Vis Absorption Spectra
UV-Vis spectra were used to study the photoresponsive properties of 6cazpy and complex-I. These two compounds were dissolved in toluene, respectively, and the solution concentration are controlled at 10 −5 mol/L. The measurements were conducted at room temperature under four different conditions: (1) upon UV light (λ = 365 nm, 60 mW/cm 2 ) irradiation with different irradiating times, (2) upon UV light (λ = 365 nm, t = 1 s) irradiation using different intensities, (3) upon visible light (λ = 530 nm, 100 mW/cm 2 ) irradiation with different irradiating times after the 600 mW/cm 2 UV light irradiation, (4) upon visible light (λ = 530 nm, t = 4 s) irradiation with different intensities after the 600 mW/cm 2 UV light irradiation. When crystals of complex-I were dissolved into the solvent, the photoactive compounds were also 6cazpy molecules. Hence, the UV/Vis spectra (Figure 3 ) of 6cazpy and complex-I (see Figure S5 in SI) show similar phenomena. Here, only the results of 6cazpy are presented. As shown in Figure 3a ,c, before the irradiation of 365 nm UV light, the maximum absorption peak at 356 nm was clearly observed, which was attributed to the π-π* transition of trans 6cazpy molecules. With the increasing of irradiation time and intensity of UV light, the absorbance of π-π* transition peak of 6cazpy in toluene solution at around 356 nm decreased and the peak blueshifted to 320 nm. Meanwhile, the absorption peak at about 440 nm slightly increased due to the nπ* transition of cis 6cazpy molecules. This phenomenon was ascribed to trans to cis photoismerization and the steady state was reached after 10 s when the irradiation intensity was 60 mW/cm 2 or after 1s when the irradiation intensity was 600 mW/cm 2 . As shown in Figure 3b ,d, when the solution was irradiated by 600 mW/cm 2 UV light for 10 s, the UV light was turned off and visible light (λ = 530 nm ) was used to irradiate the solution to test the reversibility of 6cazpy and complex-I in solution. It can be found that the absorption peak slightly shifted to the original position (356 nm) and the peak at 440 nm gradually disappeared. It is worth noting that the photostationary state was achieved after 20 s when the irradiation intensity of visible light was 100 mW/cm 2 or after 4 s when the irradiation intensity of visible light was 500 mW/cm 2 . In addition, the kinetics of the photoinduced isomerization were investigated. The isomerization kinetics results of 6cazpy and complex-I are shown in Figures 3e-h and S5e-h in the Supplementary Information (SI), respectively. It can be found that the change of absorbance peak (Δ(Absorbance peak)) exponentially increased with exposure time or light intensity. The relationship can be represented by the following equation,
where x represents the exposure time or light intensity, y is the change of absorbance peak, k is the rate constant and A is the change of absorbance peak at photostationary state. According to Beer-Lambert law, the change of absorbance peak (Δ(Absorbance peak)) is proportional to the percentage of cis or trans isomers in solution. Therefore, it can be inferred that the photoisomerization from trans to cis and cis to trans follows first-order kinetics. Parameters of Equation (1) were obtained by fitting the experimental values by using Origin software and the results are shown in Table 1 . As the results of rate constants showed in Table 1 , rates of photoisomerization from trans to cis are higher than that from cis to trans, which means that the reaction of trans to cis is faster than the reaction of cis to trans in solution. 
Photoinduced Motion
The above UV/Vis spectra results indicated that the molecules of 6cazpy and complex-I can undergo a reversible photoisomerization reaction. It means that the molecule crystals of 6cazpy and its complex-I will be potential photomechanical materials. Therefore, the photomechanical motions of crystalline 6cazpy and complex-I were investigated. Plate-like crystals of 6cazpy were obtained by slow evaporation of solutions of compounds in methanol in a few days at room temperature. Figure  4 shows the morphology of one plate-like microcrystal (1592 μm × 746 μm × 2 μm) of 6cazpy. The left position of the crystal was fixed on the glass surface and the right was free. The crystal was irradiated by 365 nm UV light (480 mW/cm 2 ) with a UV-LED from the right front, as indicated in Figure 4 . The photomechanical motion of the crystal was observed by a microscope and recorded by a high-speed digital camera. When the crystal was irradiated by UV light, the crystal quickly bent away from the light source, reaching a maximum tip displacement of 60 μm after 1 s (see Figure 4 and see Supplementary Materials Video S1), and longer time irradiation did not cause any further shape change. When the UV light was stopped, the crystal returned to its original shape immediately. The photomechanical motion of this crystal was observed over at least 120 cycles with alternating UV irradiation (3 s on, 2 s off). The photomechanical motion of an irregular plate-like crystal (1446 μm × 388 μm × 5 μm) of 6cazpy was also tested. When the crystal was irradiated from the bottom-left with an irradiating intensity of 480 mW/cm 2 of 365 nm UV light, the crystal bent away from the light source and the maximum tip distance of 33.3 μm was reached in 0.25 s (see Figure 5 and Video S2). The crystal went back to the original position immediately when the light was stopped. A narrow and thicker plate-like microcrystal of 6cazpy (1499 μm × 337 μm × 10 μm) with the lower end fixed on the glass surface and the upper end free was used to confirm the photomechanical motion ( Figure 6 ). When subjected to UV irradiation (480 mW/cm 2 ) from up front, the crystal rapidly bent in the opposite direction of the light source, reaching a maximum tip displacement of 10 μm after 0.2 s (see Video S3) and longer irradiation time did not cause any further shape change. When the UV light was stopped, the slightly bent crystal returned to its original shape immediately. When the UV light intensity was increased to 600 mW/cm 2 , the maximum tip displacement increased to a longer distance of 20 μm after 0.2 s (see Figure 6 and Video S4). The above phenomena indicate that the plate-like 6cazpy crystals can realize reversible photoinduced bending in a macroscopic range. The crystal size and irradiation intensity will affect the maximum displacement distance of the photoinduced motion of the crystals. The thicker the crystal is, the more difficult it is to observe the photomechanical motion. In particular, for some crystals with large bending inertia, no photomechanical motion can be observed at all [46] . This phenomena can be used to manipulate the photomechanical motion of the crystals in the real application. As for complex-I crystals, photoinduced bending can also be observed even when the crystal thickness is 44 μm (thicker than the crystal of 6cazpy). This is shown in Figure 7 by comparing the microscope images of a needle-like crystal of complex-I (3631 μm × 159 μm × 44 μm) before and after UV irradiation (600 mW/cm 2 ). It can be seen that the thick crystal bent to the opposite direction of the light source (at the right side) and reached a maximum displacement of 22 μm after 0.25 s (for more information, see Video S5). The bent crystal returned to its original position immediately after the UV light was stopped. The repeatability of the reversible bending is as many as 120 cycles. Compared with 6cazpy, the thicker crystal of complex-I showed a similar tip displacement distance with a thinner crystal of 6cazpy (20 μm) through photoisomerization in internal molecules. It was suggested that the motion of the photoactive molecules is less restricted in complex-I and the molecules can isomerize more easily than in the 6cazpy crystal structure. This is consistent with the thermal stability measurements, which indicate a lower melting point (368.2 K) for complex-I in comparison to 6cazpy (391.5 K). In addition, from the molecular structure of complex-I, it can be seen that the structure of acetylacetone in the ligand is symmetrical, which can provide greater room for isomerization. Each complex-I molecule in the crystal has two photoactive groups at the same time and when the isomerization reaction occurs, movements of two molecules will increase the deformation at the molecular level. Therefore, thicker crystals show larger tip displacements.
Overall, while the thermostability of complex-I was a little lower, the tip displacement distance of complex-I was longer than 6cazpy, indicating that the ability of photomechanical motion of complex-I crystals is stronger and can be a promising molecule actuator. 
Mechanism of Photoinduced Motion
Photomechanical motion of photoisomerization materials is known to be resulted from the molecular geometric deformation and photoinduced bending is commonly assumed to be induced by the strains that arise at the interface of the reactant-product bilayer [47] . When the UV light traverses a photomechanical crystal, the penetration distance of the UV light is limited. Therefore, generally, only molecules close to the surface of the crystal can undergo photoisomerization. The difference in stress between reactant-product regions provides the energy to actuate the visible deformation of the crystal (Figure 8b ). To validate this hypothesis, PXRD was used to investigate the structure change in crystal and AFM was performed to show the surface topological change of the crystal surface upon UV irradiation for both 6cazpy and complex-I. PXRD patterns of crystals before, during and after UV-light irradiation are shown in Figure 9 . When 6cazpy crystals were irradiated, the intensities of some peaks decreased. For example, the intensity of the peak at 2θ = 4.782°decreased to 50.6% of the original value (Figure 9a,b) , likely due to the trans-to-cis photoisomerization and a corresponding deterioration of crystallinity [21] . The intensity eventually recovered to 64.6% of the original value at 10 min after the UV irradiation was stopped. Furthermore, neither a shift in the diffraction angles nor a new peak was observed, indicating that no new crystalline phase was formed. The trans-to-cis photoisomerization on the surface of crystal could also affect the surface topology, which can be confirmed by AFM data. As shown in Figure 10a ,b, the original surface of the 6cazpy crystal was relatively smooth, with an average roughness of 1.03 nm. Upon irradiation with UV light, the surface of the initial crystal became rugged and the roughness increased to 2.39 nm, suggesting that the molecular arrangement became disordered on the short-range length scale in the irradiated areas. Similarly, changes in the PXRD and AFM patterns of complex-I were observed (Figure 9c,d) . The intensity of the peak at 2θ = 9.179°decreased to 79% of the original value by irradiation of the UV light, and it returned to 90% of the original value after the irradiation was stopped. In addition, although a slight shift of 2θ from 9.179° to 9.202° was observed, no new peak was observed when irradiation was applied. AFM data showed that the average roughness of the crystal surface of complex-I increased 30% (Figure 10c,d) , indicating that photoisomerization from trans isomers to cis isomers on the crystal surface will result in disorder in the irradiated surface. 
Conclusions
In this work, plate-like 6cazpy crystals and needle-like (Zn(acac)2)(6cazpy)2 crystals were successfully synthesized and fabricated. UV/Vis spectra of 6cazpy and complex-I in toluene solution at four irradiation conditions were measured to explore the photoisomerization of azopyridne molecules. It was found that the change of the absorbance peak exponentially increased with exposure time or light intensity and the photoisomerization exhibited first-order kinetics. Upon UV irradiation, plate-like crystals bent away from the light source due to the trans-to-cis photoisomerization of azopyridine derivatives in the crystalline phase. In addition, needle-like complex-I crystal with a thickness of 44 μm can also bend upon UV irradiation and can return immediately after the UV light was stopped. By analyzing the PXRD and AFM data, the structural changes in molecules and the surface topology changes upon photoisomerization were also investigated. The mechanism of photoisomerization was proposed.
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